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1. Introduction

One of the most important feature of quantum physics is the concept of entangle-
ment. After interaction, two quantum objects usually behave as a single entity,
each of the systems can not any more be described separately. A non-separable
entangled state must the be introduced for representing the state of the system as
a whole. Such a state presents unbelievable correlation from the point of view
of classical logic as pointed out By Einstein Podolsky and Rosen [1] (EPR). En-
tanglement manifests while performing a measurement on one of the two parts
of an EPR pair. It enforces to consider that the other part of the system is in-
stantaneously projected during this measurement independently of the distance
separating the two systems. The EPR situation also sits at the heart of quantum
measurement theory. While describing quantum mechanically the interaction of
a system with a meter, one have to consider at some point a system-meter en-
tangled state whose strangeness was emphasized by the famous Schrodinger cat
metaphor [2,3]. While considering this problem the physics of entangled states
provides a new insight in the understanding of the transition between the quan-
tum word of small isolated quantum systems and the classical behavior of macro-
scopic meters. The concept of decoherence [4, 5], introduced in this context by
considering the entanglement of the meter with its environment also relies on the
understanding of the behavior of complex entangled states.

Beyond these fundamental problems, entanglement has also be more recently
recognized as a powerful tool for manipulating information [6]. The emerging
field of quantum information processing opens now the way to the use of entan-
glement for performing tasks that are impossible to achieve as efficiently with
classical logic. Quantum cryptography [7] , whose inviolability relies on quan-
tum physical rules, and teleportation [8] are the most spectacular achievement of
this field. New perspectives now rely on advances in the manipulation of isolated
particles allowing the preparation of tailored entangled states.

Various techniques are presently used for investigating quantum features re-
lated to entanglement in highly controlled systems. The key point is the degree
of isolation of the system with respect to the environment. Pioneering exper-
iments where performed with correlated photons. Once entangled, these par-
ticle propagate over large distances without interaction with the environment,
thereby preserving entanglement until detection. Strongly entangled photon pairs
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are spontaneously produced by atomic cascades or parametric down-conversion.
They have been used to demonstrate the violation of Bell inequalities [9, 10]
as well as to implement quantum cryptography [11] and teleportation [12—14].
Triplets of entangled photons have also been generated and used for non-locality
tests [15, 16]. This way of getting entangled particles relies however on random
irreversible processes. In these experiments, one uses the entangled states that
nature gives spontaneously in very specific situations. The method is thus lim-
ited to the demonstration of entanglement in relatively simple situations.

Progresses in the manipulation of single isolated massive particles have opened
new perspectives by allowing to “synthesize" deterministically complex multi-
particle entangled states. The key feature here is the use of strong interactions
at the single particle level for generation of entanglement in controlled reversible
Hamiltonian processes. Strongly interacting particles however, are also very of-
ten strongly coupled to the environment. The difficulty then consists in minimiz-
ing this coupling which is responsible for decoherence while preserving strong
mutual interactions inside the system. This is presently achieved in two different
fields: Ion trapping [17, 18] and microwave Cavity Quantum Electrodynamics
(CQED) [19].

This course is devoted to the physics of entanglement in microwave CQED
experiments. The heart of this system is a microwave photon trap, made of super-
conducting mirrors, which stores a few-photon field in a small volume of space
for times as long as milliseconds. This field interacts with “circular" Rydberg
atoms [20] injected one by one into the cavity. They combine a huge dipole cou-
pling to a single photon with a lifetime (30 ms) three orders of magnitude larger
than the cavity crossing time (20 ws). In this system, coupling to the environment
is weak enough so that coherent atom-field interaction overwhelms dissipative
processes achieving the so called “strong coupling regime". We will focus here
on experiments where the strong coupling regime is used to built quantum gates
in order to prepare complex multiparticle entangled states. The field of manipu-
lation of Schrodinger cat states of the cavity field is investigated in details in the
lecture by S. Haroche in this book.

Section 2 of this course is devoted to the description of the strong coupling
regime in Rydberg atom CQED [21-24]. The tools of the experiment are briefly
presented at the beginning of this section as well as the main characteristics of
the strong coupling regime [25-27]. We then present in section 3, how to use the
strong atom-cavity to perform various two particles quantum gates. The principle
of operation of a quantum phase gate will be discussed. When associating this
gate to arbitrary single qubit manipulation, one gets a universal set of gate al-
lowing the step by step preparation of arbitrary multiparticle entangled states. In
section 4, we will illustrate this ability by presenting an experimental preparation
of a three particles GHZ (Greenberger Horne Zeilinger [15]) entangled state [28].
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2. Microwave CQED experiments: The strong coupling regime

Fig. 1. Experimental set-up

The microwave CQED experiments described in this course all rely on the
strong coupling between single two level atoms and a few microwave photons
stored in a high Q superconducting cavity. We will recall here the essential
properties of the various element of the setup as sketched in fig. 1. A thermal
beam of Rubidium atoms originating from oven O is promoted to highly excited
circular Rydberg states in the circularization box CB. The excitation scheme is
made velocity-selective by a combination of velocity selective optical pumping
performed by the lasers L and time of flight techniques [27]. The monokinetic
atomic beam then crosses a high Q superconducting cavity mode C tuned close
to transition between two circular levels e and g. A small classical field can be
injected into C by the classical source Sc. Before and after interaction with C,
the atoms can be exposed to microwave pulses generated by the source Sg. These
pulses are used for preparation or detection of arbitrary two level superposition
states. After leaving C, the atoms are detected one by one in a state selective
ionization detector D allowing one to measure whether the atom eventually is in
state e or g. Because of the use of superconducting material as well as to the high
sensitivity of circular Rydberg atoms to blackbody radiation, all the elements of
the set-up, from the circularization to the detection of the atoms, must be cooled
down between 1.2 and 0.6 K in a 3He cryostat.
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2.1. The experimental tools and orders of magnitude

2.1.1. Circular Rydberg atoms

They combine a large principal quantum number N with maximal orbital and
magnetic quantum numbers [ = |m| = N — 1. A circular state with principal
quantum number N will be referenced as N.. The wavefunction of the Rydberg
electron is a torus whose diameter is agN2. This “large" wavefunction results in
a very large dipole coupling between adjacent circular levels. In the experiments
described here, the levels e and g are respectively the 51, and 50, states. The
dipole matrix element between these levels is d = gagN?/2 = 1250 a.u.. The
frequency of this transition is ve, = 51.099 GHz.

The circular atomic levels are prepared by exciting the valence electron of Ru-
bidium atoms into the 52, state in a complex process involving 52 photons [20].
The 51, or 50, levels are then prepared selectively by a last microwave pulse res-
onant either on the 52, — 51, one-photon or 52, — 50, two-photon transition
at 48.195 GHz and 49.647 GHz, respectively. This process prepares up to 400
circular atoms per preparation pulse. The selectivity of the last microwave transi-
tion in a large dc electric field allows the elimination of spurious elliptical levels
(all other values of / and m). The purity of the prepared state, measured by a se-
lective spectroscopic method is better than 98%. The stability of circular atoms
requires the application of a small electric field providing a physical quantization
axis everywhere in the set-up [29]. Under this condition, the atoms prepared in e
or g behave as ideal long lived two level atoms while they interact with a nearly
resonant cavity mode.

Circular atoms are easily detected by ionization in a relatively small static
electric field. As the ionization threshold increases with the binding energy of
the levels, one can selectively ionize either e or g in two different detectors.
This detection scheme, relies on electron counting. It is extremely sensitive and
behave as a meter for the energy of a single atom. It allows measurements on
a single realization of the experiment as well as to measure average values of
the atomic energy by resuming the same experiment until significant statistics is
obtained. The regime of single atom interaction with the cavity is achieved at the
expense of low counting rates of typically 0.1 to 0.2 detected atom per preparation
pulse (detection efficiency 40%(10)). In this limit, the Poissonian statistic of the
number of excited atoms results in a negligible probability to excite two atoms at
the same time.

A pulsed velocity selective optical pumping scheme prepares monokinetic Ru-
bidium atoms [27] in the state 5s1,2 F' = 3 just after they leave the oven O. This
level is the starting point of the circular atoms preparation. The width of the
velocity distribution obtained in this way is 10 m/s. It is reduced to 1.5 m/s
by time of flight selection between optical pumping and circularization which is
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also a pulsed process. Due to the control of the atomic velocity and of the time
of preparation of Rydberg atoms, one knows the position of the circular atoms
inside the setup with a precision of £1 mm. This is used for applying to each
atom the proper sequence of controlled interactions with the cavity mode and the
auxiliary classical microwave pulses. In particular, the atom-cavity interaction
time is adjusted by switching on and off an electric field of about 1 V /cm be-
tween the cavity mirrors. The atoms are then tuned in and out of resonance by
Stark effect at user controlled programmable times while they cross the cavity.

2.1.2. The photon box

The cavity is made of two massive Niobium mirrors in a Fabry-Perot geometry
depicted in fig. 1. The two spherical mirrors have a radius of curvature of 40 mm.
The distance between the mirrors at center is 27.5 mm. The atoms are nearly
resonantly coupled to the 7 E Moo Gaussian mode whose resonance frequency
is close to veg = 51.099 GHz. The mode waist, wg = 5.96 mm, is close to
the wavelength, A = 6 mm. The corresponding mode volume [21] is relatively
small (V =~ 700 mm?). The microwave electric field amplitude at cavity center
Eo = \/hveg/[2e0V = 1.5 mV /m is the essential parameter characterizing the
coupling with the atomic dipole. Due to geometrical defects of the mirrors, the
degeneracy between the two modes with linear perpendicular polarizations is
lifted by about 100kHz. When one atom interacts resonantly with one of these
two modes, the coupling with the other one usually plays a negligible role.

A quality factor as high as 3.10% corresponding to a photon lifetime of 1 ms
is obtained by careful polishing and processing of the mirrors. It is limited by
diffusion of photons out of the aperture between the mirrors due to the residual
roughness of their surface. These losses do not occur in a closed cavity [30].
However, the closed geometry is not compatible with the electric field needed
for stabilizing circular atoms [29]. Diffusion losses are reduced by inserting an
aluminum ring nearly closing the opening between the mirrors. The atoms enter
the cavity trough 3 mm diameter holes in this ring. Inhomogeneous electric fields
in these holes destroy atomic coherence but they do not affect the populations of
Rydberg states. An external microwave source is coupled into the cavity mode
through small 0.2 mm diameter holes at the center of the mirrors.

2.2. Resonant atom-field interaction: The vacuum Rabi oscillation

A detailed description of the atom-cavity interaction can be found in various
review papers [21-24] as well as in the lecture by S. Haroche. It relies on the
Jaynes-Cummings hamiltonian [31] whose eigenstates are the so called “dressed
states" [32] of the atom-field system. The non-degenerate ground state of the
system is |g, 0) where O stands for the photon number. We are interested here in
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the dynamics of the two first excited states of the system |g, 1) and |e, 0) which
are coupled by an electric dipole transition. This coupling results in a splitting
hQ20 = —2d Ey of the first dressed states [+, 0) and |—, 0). An atom initially in
state e crossing an empty cavity thus experiences a “vacuum Rabi oscillation":
Atom and field exchange periodically one photon at the Rabi frequency Q¢ /27 =
47 kHz.

The corresponding Rabi oscillation signal [26] is presented in fig. 2. It shows
the measured average atomic excitation as a function of the atom-field interaction
time. The cavity is tuned at resonance with the 51, to 50, transition. The mode Q
factor is 7.107, corresponding to a photon lifetime of 220 us. Up to four cycles of
Rabi oscillations are clearly observed demonstrating the strong coupling regime.
The decay of the oscillation signal is due to various imperfections (dark counts,
atoms detected in the wrong channel, inhomogeneous stray electric or magnetic
fields).

0 20 40 60 80 tint(us )

Fig. 2. Rabi oscillation signal: A single atom emits and reabsorbs a single photon. Up to 4 oscillation
cycles are observed. Interaction times corresponding to 77 /2, 7 and 27 pulses are marked by labels

If the cavity contains initially n photons, the Rabi oscillation frequency be-
come (20/2m)+/n + 1 [33]. By observing the Rabi oscillation in a small co-
herent field [34] stored in C, a discrete spectrum of Rabi frequencies has been
observed [22,26]. Note that this spectrum is a direct manifestation of field energy
quantization in the cavity mode. This feature has also been used for measuring
the photon number distribution of small coherent fields stored in C with up to 1.4
photons o, average [26]. Rabi oscillation in small photon number states was also
observed in [35].

More recently, the Rabi oscillation in a coherent field has been used to gen-
erate phase "Schrodinger cat states" involving fields containing up to 40 pho-
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tons [36]. The method of preparation and detection of such states is presented in
section 2 of the course By S. Haroche in this book.

3. “Quantum logic' operations based on the vacuum Rabi oscillation

The vacuum Rabi oscillation provides important tools for implementing quan-
tum gates performing basic two qubit logic operations.In this section, we briefly
present these basic operations. In the next section we will show how they can be
combined in order to engineer step by step a three qubit entangled state.

For an atom and a field initially prepared either in |e, 0) or |g, 1), the atom-
field wavefunctions after the interaction time ¢;,,; read respectively :

[Ve(ting)) = cos(Qotint/2)le, 0) + sin(Sotint/2)|g, 1) (3.1)
[Vg (tine)) = cos(Qotint /2)18, 1) — sin(Qotint /2)]e, 0) (3.2)

Three basic functions are realized by adjusting the atom-cavity interaction
time to specific values corresponding to Qot;,; = /2, w or 2. The 7 pulse can
be used to exchange one excitation between the atom and the cavity mode. In
this way, an atom in e can be used to write a one-photon field in the cavity. If the
atom is prepared in the arbitrary superposition state c.|e) + cg|g), it will, after
a  pulse, always end up in g and prepare the field in the state: c,|1) + c¢,0).
All the quantum information encoded in the atom by a classical microwave pulse
is transferred and stored in the cavity. This writing process being reversible, the
stored quantum information can be read by another atom prepared in g which is
performing an absorbing 7 pulse. In these processes, the cavity acts as a quantum
memory as demonstrated in [27].

In case of an atom prepared in e performing /2 pulse in the cavity, the pre-
pared atom-field state is:

[WEpR) =1/v2(le,0) +1g, 1)) (3.3)

It is a maximally entangled state analogous to the singlet state of a pair of spin
1/2. As the atom leaves the cavity after interaction, this state exhibits the non-
local quantum correlations which are at the heart of the EPR [1] situation and
which characterize vividly the difference between quantum and classical logic
through the Bell theorem [9]. Preparation and characterization of |{/gpg) is pre-
sented in [37].

Let us finally consider the 27 Rabi pulse. When the atom is prepared in g the
atom-field wavefunction transforms in the following way:

8 1) > —lg.1)
800 — 1g.0) (34)
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For a field containing one photon, the 27 pulse leads to a 7 phase shift of the
atom-field state as seen on eq. 3.4. A similar w—phase shift occurs when per-
forming a 27 rotation on a spin 1/2 system [38,39]. Now if the cavity is initially
empty, the system is in the ground state |g, 0). It does not evolve and does not
experience any phase shift. In both cases, the field energy (i.e. 0 or 1 photon) is
unchanged but the phase of the final state carries information on the photon num-
ber. This provides the principle of the QND (quantum non demolition) method
of measurement of a O or 1 photon field discussed in details in [40].

It also allows one to implement the so cold Quantum Phase Gate (QPG) [41].
When combined with arbitrary single qubit operations (i.e. classical microwave
pulses applied to single atoms) this two qubits gate is equivalent to the CNOT
gate and plays the role of a universal gate for synthesizing arbitrary N qubits
entangled states.

The QPG transformation simply reads:

la, b) —> exp(i¢da,18p,1)la, b) (3.5

where |a), |b) stand for the basis states (|0) or |1)) of the two qubits and 84, 1, 8p,1
are the usual Kronecker symbols. The QPG leaves the initial state unchanged,
except if both qubits are 1, in which case the state is phase—shifted by an angle
¢. In order to implement the QPG, let us now consider a third atomic level i and
let us assume that due to large detunings, this level is not coupled to the high Q
cavity mode. To be specific let us consider i as the circular Rydberg state with
principal quantum number N. = 49. The transformation corresponding to the
27 Rabi pulse in C is:

i,0) — |i,0)
i, 1y — i, 1)
g, 0) — [g,0)

(3.6)

When mapping the atomic states i and g on the logical 0 or 1 value of the atomic
qubit, it exactly realizes the ¢ = m QPG. The ability of this gate to generate
entangled states can be demonstrated by operating it on a superposition state of
either the atomic or field qubit. As an exemple, after preparing the atom-field in
the state 1/2(|i)+]g))(|0)+|1)) the operation of the QPG prepares the maximally
entangled state:

172(]i) + [g)10) + (I£) — 1g) 1) (3.7)

This equation shows that after interaction with C, the atomic state superposition
is phase shifted by 7 if and only if the cavity contains one photons. Note that the
27 pulse interaction with C leaves the photon number unchanged. Measuring
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the phase of the atomic superposition state thus amounts to a Quantum Non De-
molition (QND) detection of a single photon in C. As shown in [40], this atomic
measurement can be implemented using a Ramsey interferometer by applying
classical /2 pulses to the g — i transition before and after the atom crosses C.
This experiment demonstrates that the phase of an atomic superposition state is
coherently controlled by the state of a single photon. Symmetrically, we have
also demonstrated that the phase of a superposition of the 0 and 1 field states is
shifted by  under the operation of the QPG when the atom is prepared in g [41].

4. Step by step synthesis of a three particles entangled state

We present now an experiment where we prepare a set of three entangled qubits
consisting of two atoms and a 0 or 1 photon field stored in C [28] by combining
elementary quantum gate operations. It is the first example of preparation of
a tailored three particle entangled state by a programmed sequence of quantum
gates.

4.1. Principle of the preparation of the state

We first recall the sequence of operations used to prepare the three particle entan-
gled state. It was proposed independently in [42] and [43]. The corresponding
timing is sketched fig. 3.a. We send across C, initially empty, an atom A ini-
tially in e. A 7 /2 Rabi pulse prepares the state |1/ gpg) described by eq. 3.3. We
then send a second atom Aj. Initially in g, it is prepared, before C, in the state
(lg) + 1i))/+/2 by a Ramsey pulse P,. This atom interacts with C during its full
cavity crossing time (27 Rabi pulse) and performs the QPG operation. Using
eq. 3.6, the resulting A1 — Ap — C quantum state is :

1
Wiripler) = 5 [len)(i2) + 1g2))10) + [g1) (li2) — |g2))|1)] .1

(the state indices correspond to the atom number). Eq. 4.1 describes a three
particle entangled state and can be rewritten as :

Wiripter) = 5 [li2)(le1, 0) + g1, 1)) + |g2)(Je1, 0) — [g1, 1)] (4.2)

N =

describing an A1 — C EPR pair whose phase is conditioned to the A, state. Since
|W;ripier) involves two levels for each subsystem, it is equivalent to an entangled
state of three spins 1/2. Let us define the states |+;) (|—;)) (with i = 1,2) as

[+1) = le1) (I=1) = lg1), |£2) = (1g2) £ 1i2))/v2 and |+¢) = |0) (|—¢) =
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Fig. 3. The entanglement procedure. Qualitative representation of the atoms and cavity space lines
during the experiments. The diamonds depict the atom-cavity interactions and the circles the classical
pulses produced by Sg. The dark squares are the detection events. a) Preparation of the entangled
state | Wy, pjer) sketched by the grey oval. b) Experiment (I): Detection of “longitudinal” correlations.
¢) Experiment (II): Detection of “transverse" correlations.
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[1)). With these notations, |W;,;p/e;) takes the form of the Greenberger, Horne
and Zeilinger (GHZ) spin triplet [15]:

1
[Wiripter) = 7 (I+1, +2, +c) = |—1, =2, —¢)) 4.3)
Other schemes have been proposed to realize many particle atom-cavity entan-
glement [44,45].

4.2. Detection of the three-particle entanglement

In order to characterize the state |W;,;p/¢), we are able to detect the atomic energy
states, but not directly the cavity field. It can, however, be copied onto a third
atom A3 and detected afterwards [27]. The Az — C interaction is set so that As,
initially in g, is not affected if C is empty, but undergoes a 7 Rabi pulse in a
single photon field : [g,0) — |g,0) and |g, 1) — —Je, 0). Within a phase, A3
maps the state of C. Thus, by detecting Aj, A2 and A3, we measure a set of
observable belonging to the three parts of the entangled triplet. If A3 crosses C
before A exits the ring, a three-atom entangled state |V, . plet) would be created
between these two events :

1
2
1

= 3 [li2)(le1. g3) — Ig1. €3)) + |g2)(le1, 83) + Ig1. €3))] (4.5)

Even if A3 is delayed, its correlations with A1 and A, which reflect those of C,
are the same as those described in eq. 4.5. In the following discussion, we thus
refer equivalently to C or As.

Checking the A} — A, — C entanglement involves measurements in two dif-
ferent bases. A microwave pulse, after the interaction with C, followed by en-
ergy detection in D allows us to probe each atom’s pseudo-spin along an ar-
bitrary “quantization axis". In a first experiment (I), whose timing is sketched
fig. 3.b, we check “longitudinal” correlations by detecting the “spins" along what
we define as the “z axis" (eigenstates |£;) for i = {1, 2} and |+3) = |e3) and
|—3) = |g3) for A3). For A; and C (i. e. Aj3), this is a direct energy detec-
tion. For A, a /2 analysis pulse Rg) on the i — g transition transforms |+7)
(resp. |—2)) into [i2) (resp. |g2)). The three atoms should thus be detected in
{e1, 12, g3} or {g1, g2, e3}, with equal probabilities. However, these correlations,
taken alone, can be explained classically (statistical mixture of |eq, i2, g3) and
|81, 82, e3) states).

A second experiment (II) is required to test the quantum nature of the su-
perposition. We study “transverse correlations" by detecting A; and A; along

[W [ler)(li2) + 1g2))1g3) — I81)(li2) — [g2))]e3)] 4.4

/
triplet>
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the “x axis" (eigenstates |£, ;) = (|+;) |—i))/\/§). A3z is detected along
an axis in the horizontal plane at an angle ¢ from the x direction (eigenstates
|[£4.i) = (|+i) £ exp(+i¢)|—i))/\/§). The timing of experiment (II) is sketched
fig. 3.c. Atom Aj is directly detected in D, since |£, 2) coincide with |g2) and
liz). A1 and A3 undergo, after C, two analysis 7 /2 pulses R{”) and R;II) on
the e — g transition, with a phase difference ¢. A detection in g amounts to a
detection in |[+,) or [+4) for A and A3 respectively at the exit of C.

For sake of clarity, let us first consider the case of only two atoms (1 and 3) in
state:

Wepg) = %(Ieh 83) — 181, €3)) . (4.0)

These atoms are analyzed along the x and ¢ directions respectively. When A
is detected in |4, 1) (i. e. g1 in D), A3 is projected onto |—, 3), since |lIlI/EPR>
is the rotation-invariant spin singlet. The detection probability of A3 in |+ 3)
(i. e. g3 in D) thus oscillates versus ¢ between 1 for ¢ = +x and O for ¢ =
0, 27 : “Fringes" observed in the joint detection probabilities of the two atoms
[37] show that quantum coherence has been transferred between them through
the EPR correlations. The phase of the fringes would be shifted by m if the
minus sign in eq. 4.6 was changed into a plus. Returning to the three system
case, eq. 4.5 shows that similar fringes are expected for the joint detection of A
and A3 corresponding to a given state for A;. They have the same phase as the
EPR fringes described by eq. 4.6 when A» is in i>. They are shifted by 7 when
Aj is in gp. This shift results from the action of the Ay — C phase gate [41] on
the A1 — C EPR pair.

A tight timing is required to have Aj and A, simultaneously inside the ring
so that |Yy,ipier) is prepared before A losses its coherence in the exit hole of
the cavity (it was not the case in the experiments described in section 3.4). Aj
interacts with C for the full atom—cavity interaction time. The 7 Rabi pulse
condition for A3 is realized with the Stark switching technique. Atom A1 couples
to C 75 us after the erasing sequence, and should undergo a 7 /2 Rabi rotation.
It is followed by A after a delay of 25 us. The separation between A and Aj
is 1.2 cm, twice the cavity waist. Nevertheless, A1 still interacts with C when
Ay starts its 27t Rabi rotation. Even in this case, an appropriate adjustment of
the atom cavity Stark tuning allows to prepare |V;,ipie;) With a high fidelity as
shown in [28]. Atom A; has exited the ring however before A3 has crossed
C, following A, after a delay of 75 ws. This timing thus does not permit to
prepare |\Ift’”.plet) (eq. 4.5). As discussed above, the A1 — A> — Az correlations
nevertheless demonstrate the A} — Ay — C entanglement.

We apply the classical /2 microwave pulses when the atom is in an antin-
ode of the standing wave created inside the cavity ring by a classical microwave
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source Sg. The distance between A1 and Aj is such that one is in a node of this
wave when the other is in an antinode. In this way, selective pulses may be ap-
plied on A1 and A even if both are simultaneously in the ring. In experiment (1),
P> and R;I) are applied on A; on the 54.3 GHz g — i transition. In experiment

Im), Riu) and R_g”) are used to probe the £ 1) and |44 3) states. A pulse reso-
nant on the e — g transition would couple in C through scattering on the mirrors
imperfections. A field would then build up in C and spoil quantum correlations.
To avoid this, we first apply a 7 pulse on the g — i transition transforming
the e — g coherence into an e — i one. A /2 pulse on the two-photon e — i
transition at 52.7 GHz, which does not feed any field in C, is then used to probe
this coherence. States |4 1) (|—x,1)) and |+ 3) (|—¢,3)) are mapped by this
effective three-photon 7 /2 pulse onto i1 (e1) and i3 (e3) respectively. The results

0,4

Probability
o o
n @

o
-

o
=}

g1 i293
911283
e1 i293
e,ie,

9:9,9;
919,83
€19.93
€,0,6,

Fig. 4. Longitudinal correlations (experiment I). Histograms of the detection probabilities for the
eight relevant detection channels. The two expected channels (g1, g2, e3 and ey, i2, g3, black bars)
clearly dominate the others (grey bars), populated by spurious processes. The error bars are statistical.

of experiment (I), fig. 4, are presented as histograms giving the probabilities for
detecting the atoms in the eight relevant channels. As expected, the {ey, iz, g3}
and {g1, g2, e3} channels dominate. The total probability of these channels is
Pj = 0.58 £ 0.02. The difference between them is due to experimental im-
perfections. Channel {g1, g2, e3} corresponds to one photon stored in the cavity
between A; and Aj3. It is thus sensitive to field relaxation, and leaks into the
other {g1} channels. Events with two atoms in the same sample, residual thermal
fields, detection errors also contribute to the population of the parasitic channels.
Note also that since the experiment involves three levels for each atom, there are
altogether 27 detection channels. Fig. 4 presents the channels corresponding to
the relevant transitions for each atom: e — g for A; and A3 ; g — i for As.
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The other channels are weakly populated by spurious effects (spontaneous emis-
sion outside C, residual thermal photons, influence of the Rél) or P, pulses on
the other atoms, absorption of the cavity field by A, due to imperfect 2 Rabi
rotation..). The total contribution of these transfer processes is below 15%.

0.8

0.6 - ,

P(+, 1% ;)

—0—i
1

0.4

04 b)

0.2 1
0.0 - J
0.2 J
0.4 J
0.6

Bell signal

-4 -2 0
Detection phase 0 (rad)

Fig. 5. transverse correlations (experiment IT).

For the signals of experiment (II) presented on fig. 5, the relative phase ¢
of Rgu) and REH) is adjusted by tuning the frequency of the source inducing
the e — i two-photon transition. Fig. 5.a presents versus ¢ the probability
P(+4,3; +x,1) for detecting A3 in i (i. e. |+¢,3)) provided A has also been
detected in i (i. e. |4x,1)). The open circles give the conditional probability
when A; is not sent. The observed fringes correspond to the two-atom EPR pair
situation. The solid circles give the corresponding conditional probability when
Aj is detected in i. Due to very long acquisition times (eight hours for the data
in fig. 5), signals have been recorded only for three phase values. The squares
correspond to a detection of A in g. The A1 — A3 correlations are not modified
when Aj is detected in i. When A» is detected in g, the A; — A3 EPR fringes
are shifted by m, as expected. All joint probabilities corresponding to the four
possible outcomes for A; and A3 are combined to produce the “Bell signal”" [10]
which is the expectation value (ox,104.3) = Pjy iy + Pe; ey — Pije5 — Pe, i3, Where
the o”’s are Pauli matrices associated to the pseudo-spins and P, j, is the proba-
bility for detecting A in a and A3 in b ({a, b} = {i, e}). We plot fig. 5.b the Bell
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signal versus ¢. The open circles correspond again to no A, atom sent, the solid
circles and squares to A; detected in i or g, respectively. The m phase shift of
the A1 — A3 EPR correlations, conditioned to the A, state, is conspicuous. The
fringes visibility is 2V = 0.28 + 0.04.

Due to experimental imperfections, the first stage fig. 3.a of our experiment
does not prepare the pure state |W; i), but rather a mixed state described
by a density matrix p. The set-up efficiency is thus characterized by a fidelity
F = (Wiripiet| 0| Wiriper). 1f the detection stages ( fig. 3.b and 3.c) were perfect,
F would be equal to the sum P /2 + V, [18]. The value of this quantity, 0.43,
is however affected by known detection errors and F is actually larger. Trivial
imperfections can occur at three different stages: The mapping of the cavity state
onto Az, the classical microwave pulses Rél), RYI) and Rgn), and the energy
state-selective atom counting. We have determined these errors independently by
additional single atom experiments. Taking them into account, we determine a
fidelity F' = 0.54 £ 0.03. The three kinds of errors listed above account respec-
tively for corrections of 0.03, 0.05 and 0.03 to the raw 0.43 value. The fact that
F is larger than 0.5 ensures that genuine three particle entanglement is prepared
here [18].

The combined results of experiments (I) and (II) demonstrate the step by step
engineered entanglement of three qubits, manipulated and addressed individu-
ally. By adjusting the various pulses, the experiment could be programmed to
prepare other tailored multiparticle state. In particular, the generalization of our
experiment for preparing multiparticle generalizations of the GHZ triplet [46] are
straightforward. These states are generated by a simple iteration of the present
scheme [43,44]. After having prepared the A; — C pair in the state described
by eq. 4.1, one sends a stream of atoms A, — A3 — --- — A, all prepared in
(|i) + |g))/+/2 and undergoing, if in g, a 277 Rabi rotation in a single photon
field. Since this rotation does not change the photon number, the 0 photon (resp.
1 photon) part of the A; — C system gets correlated to an Ay — A3 —--- — A,
state with all n — 1 atoms in (|i) 4 |g))/~/2 (resp (|i) — |g))/~/2), preparing the
entangled state :

1
V)= — ) s Ty 71y 72" T . 4-7
[v) ﬁ(l-ﬂ +2 +c) —1-1, 2 c)) 4.7

This state presents non—local n + 1 particles correlations which could be investi-
gated by the techniques presented here.

Similar controlled and reversible manipulations of many particle entangle-
ment can be performed with other systems. Complex spin manipulations have
been demonstrated with nuclear magnetic resonance [47]. These experiments in-
volve however macroscopic samples near thermal equilibrium without clear-cut

© 0o N O g A~ W N =

AR D W OWWW W W WWWWNMNMNDDNDDNNDNDNDNDND S s d a4 d g a
N = O © ® N O O b WN =+ O © 0N O O &~ WN 2 O © 0N O o  WN =+ O



W N OO g B~ W N =

AOA D W OWWW W W WWWWNMNMNDNDDNNDNDNDNDND S s s add S a
N = O © ® N8N O O A N =+ O © 0N OO &~ WN 2 O © 0N O O M WN -+ O ©

course3brune.tex; 10/05/2004; 11:31 p- 20

180 M. Brune

entanglement [48]. Reversible entanglement with massive particles has also been
realized with trapped ions [49]. The generation of an EPR pair [50] and, recently,
of four ion entanglement [18] have been reported. In these experiments, strong
coupling requires the ions to be only a few micrometers apart and the difficulty
is to address them individually. The entangled multi-particle state is prepared in
a collective process, involving all qubits at once. Individual addressing of ions
is possible in larger ions traps as demonstrated with calcium [51] but controlled
quantum logic operations have not yet been demonstrated in this context. In con-
trast to ion traps, our CQED experiment manipulates particles at centimeter-scale
distances, ideal conditions for separate qubit control.

5. Direct atom-atom entanglement: cavity-assisted collisions

The atom-atom entangling procedures outlined above rely on the exchange of a
photon between the atom and the cavity. The quantum information is transiently
stored as a superposition of the zero and one photon states. These schemes are
thus sensitive to cavity losses, the main cause of decoherence in our experiments
(the atomic lifetime being much longer than the cavity damping time).

It is possible to circumvent this problem by entangling two atoms directly, in a
collision process assisted by the non-resonant cavity modes [52]. The first atom
(Ay) is initially in e and the second (A3) in g. The atoms have now different
velocities, so that the second catches up the first at cavity center, before exiting
first from C. The two cavity modes M, and M), are now detuned fromthe e — g
transition frequency by amounts A and A + §, greater than Q2. Due to energy
conservation, real photon emission cannot occur in this case. Atom A can, how-
ever, virtually emit a photon immediately reabsorbed by A;. This leads to a Rabi
oscillation between states |e, g) and |g, e) and thus to atom/atom entanglement
generation for most interaction times.

The situation is reminiscent of a resonant van der Waals collision in free space,
which can also produce atom-atom entanglement for small enough impact para-
meters [53]. In the present case, the detuned cavity modes considerably enhance
the atom-atom interaction. Note that, in this peculiar “collision" process, the ac-
tual distance between the atoms is irrelevant, provided they both interact with the
modes.

The quantum amplitudes associated to states |e, g) and |g, e) are periodic
functions of the collision duration (which depends on the atomic velocities).
The oscillation frequency associated to this second order collision process is
(Q%/4)[1/A+1/(A+8)]. By repeating the experiment, we reconstruct the prob-
abilities P, and Py, for finding finally the atom pair in states |e, g) and |g, ).
We plot these probabilities versus the dimensionless parameter n = w[l/A +
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Fig. 6. Cavity assisted collision. Joint detection probabilities Ppg and Pge versus the parameter 1.
Points are experimental. Solid lines for small 1 values correspond to a simple analytical model based
on second order perturbation theory. The dashed lines (large n) present the results of a numerical
integration of the system evolution (adapted from [52])

1/(A + 8)] (see Fig. 2). The oscillations of P,, and Py, as a function of 1 are
well accounted for by theoretical models (solid and dashed lines in Fig. 2).

We have realized the situation of maximum entanglement by adjusting 1 to the
value corresponding to P,g = Pge = 0.5. As for the sequential EPR pair genera-
tion scheme presented above, we have checked the coherent nature of the pair by
performing measurements of observables whose eigenstates are superpositions
of energy states.

Since this entanglement procedure implies only a virtual photon exchange
with the detuned cavity mode, it is, in first order, insensitive to the cavity damping
time or to a stray thermal field in the cavity modes. It thus opens interesting
perspectives for demonstrating elementary steps of quantum logic with moderate
Q cavities at finite temperature.

We have shown theoretically that the two-qubit Grover search algorithm [54]
could be realistically implemented in our set-up with two cavity-assisted colli-
sions between two atoms, performed during the common interaction of the atoms
with the cavity mode [55].
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6. Conclusion and Perspectives

The circular Rydberg atoms already made it possible to operate interesting quan-
tum entanglement processing sequences. The extension to much more complex
algorithms requires some improvements of the present set-up.

The fidelity is limited by the imperfections of the elementary gates and by the
cavity losses. A better control of the stray fields in the set-up, which seem to be a
major cause of imperfections, could improve noticeably this fidelity. The cavity
losses could be reduced with a new mirror technology. Encouraging tests indicate
that longer cavity damping times are realistically within reach. Moreover, the
cavity-assisted collision process makes it possible, in principle, to realize high-
fidelity quantum gates with a moderate quality factor.

The main limitation to the scalability thus appears to be the atomic prepara-
tion scheme. As discussed above, we operate with single atom samples at the
expense of data taking times growing exponentially with the number of qubits.
A recent improvement of the field ionization detector efficiency will allow us to
run sequences with four or five atomic samples within realistic times.

Further extensions require a deterministic preparation of single Rydberg atom
samples. The “dipole blockade" mechanism is a very promising tool [56]. In a
dense sample of ground state atoms, the frequency of the transition between a
one- and a two-Rydberg sample is displaced by a great amount from the transi-
tion producing the first Rydberg, due to the very strong dipole-dipole interaction
between these atoms. The laser excitation thus produces a single Rydberg state,
with a high probability. This low angular momentum state can be efficiently
transferred later to the circular state. We are now developing an experiment based
on “atom chips" [57] techniques to explore the feasibility of a deterministic Ry-
dberg atom preparation.

This “atom pistol" would make complex sequences accessible. The maximum
number of operations foreseeable is of the order of the atomic lifetime (30 ms)
divided by the gate time (10 to 30 us). This sets a fundamental limit of a few
thousand quantum operations. This is far from what is required for a massive
quantum computation with error correction. This number of operations is nev-
ertheless competitive with other techniques and large enough to test interesting
quantum algorithms and error correction procedures.

Let us note also that these experiments are well-suited to the exploration of
other basic quantum mechanisms essential for quantum information processing.
In particular, mesoscopic coherent fields stored in the cavity provide an unprece-
dented tool for an in-depth study of the decoherence mechanisms [36,58]. We
are envisioning an experiment with two superconducting cavity. This opens the
way to the generation of non-local mesoscopic states (EPR pairs made of meso-
scopic cavity fields) and allows new tests of our understanding of the decoherence
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process.
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